The phytohormone auxin is a pivotal signaling molecule that functions throughout the plant lifecycle. Proper regulation of the auxin response is critical for optimizing plant growth under ever-changing environmental conditions. Recent studies have demonstrated that the signaling components that modulate auxin sensitivity and responses are functionally and mechanically diverse. In addition to auxin itself, various environmental and hormonal signals are integrated to modulate the auxin response through directly controlling auxin signaling components. This review explores the non-canonical mechanisms that modulate auxin signaling components, including transcriptional, translational, and post-translational regulation. All of these contribute to the wide range in sensitivity and complexity in auxin responses to various signaling cues.
Introduction
Auxin has been extensively studied due to its multiple roles in almost every stage of plant development, from embryogenesis to senescence (Vanneste and Friml, 2009, MuellerRoeber and Balazadeh, 2014) . Auxin greatly affects plant development through the activity of the core auxin signaling module, which includes the following: the auxin receptor TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX (TIR1/AFB), which is a component of the E3 ligase complex, AUXIN/INDOLE-3-ACETIC ACID INDUCIBLE (Aux/IAA) repressor proteins, and AUXIN RESPONSE FACTOR (ARF) transcription factors (Chapman and Estelle, 2009) . Three types of transporters, the AUXIN RESISTANT 1/LIKE AUX1 (AUX/LAX) influx carriers and the PIN-FORMED (PIN) and ATP-BINDING CASSETTE SUBFAMILY B (ABCB) efflux carriers, define the position at which auxin signaling is triggered (Petrásek and Friml, 2009; Zažímalová et al., 2010) . These proteins direct auxin transport to establish auxin maxima and to induce tissue-specific auxin responses. Auxin biosynthesis is also tightly controlled to maintain the appropriate cellular concentrations of auxin in specific tissues and at various developmental stages (Zhao, 2010) . When auxin concentrations reach a certain level, members of the auxin-bound TIR1/AFB family rapidly degrade Aux/IAA, which releases ARFs from suppression by Aux/IAA and modulates auxin-responsive gene expression (Chapman and Estelle, 2009) . Plant growth and development are guided by ever-changing environmental cues that, once sensed, trigger signaling cascades that converge on auxin-mediated biological processes that optimize growth and development. Thus, in the course of shaping the final auxin response of plants, multiple mechanisms operate coordinately to regulate auxin levels via modulation of auxin biosynthesis and transport (Zhao, 2010; Rosquete et al., 2012; Habets and Offringa, 2014; Armengot et al., 2016) . In addition, upon various endogenous and exogenous signals, direct control of auxin signaling components contributes to the wide range in auxin responses and sensitivity, which enables the plant to fine-tune auxin signaling output to adjust and optimize its fitness under various environmental conditions. This type of modulation can explain the link between differences in auxin concentration and signaling output, as emphasized in this review, which is attributed to diverse biological contexts such as developmental stages and environmental cues. While the mechanisms that regulate components of the auxin signaling pathway are not fully understood, this review highlights recent breakthroughs in our understanding of how the activity of auxin signaling machinery is modulated and how auxin signaling pathways are integrated with other hormonal and environmental signaling pathways to tightly control plant growth and development. The involvement of multiple signaling pathways underlies the complexity in auxin responses and may explain how plant systems have a broad range of sensitivities to auxin in response to various environmental conditions.
Auxin sensing receptors, the first players in auxin signaling

Post-transcriptional control of TIR1/AFB
The TIR1/AFB family of proteins comprise F-box proteins that are incorporated into the SCF TIR1/AFB ubiquitin ligase complex. Four TIR1/AFB members, TIR1, AFB1, AFB2, and AFB3, function as auxin receptors. As these proteins are expressed in specific tissues at distinct developmental stages, their contributions to the auxin response vary (Dharmasiri et al., 2005) . All TIR1/AFB members contain a conserved leucine-rich repeat domain, which binds to auxin and Aux/ IAA, and an F-box domain that binds to CULLIN1 (CUL1) in the ubiquitin ligase complex (Tan et al., 2007; Yu et al., 2015) . The TIR1/AFB members are tightly associated with Aux/IAAs, with an affinity that varies with the perception of a wide range of auxin concentrations. Auxin receptors are thus the first factors influencing auxin sensitivity. Except for AFB1, the auxin receptors are post-transcriptionally regulated in the form of a well-established mechanism involving microRNA-mediated mRNA cleavage (Fig. 1) . Specifically, microRNA393 (miR393) has been shown to regulate the auxin response by controlling TIR1/AFB mRNA levels (Navarro et al., 2006; Parry et al., 2009) . miR393 is generated by two genes, ATMIR393A and ATMIR393B (Gustafson et al., 2005) . ATMIR393A expression is induced in response to bacterial flagellin during pattern-triggered immunity (PTI) and suppresses the accumulation of TIR1 mRNA. The reduction in TIR1 protein levels results in the stabilization of AXR3/ IAA17 and subsequently attenuates auxin signaling (Navarro et al., 2006) . In addition to the PTI response, miR393 is implicated in responses to various abiotic stimuli, such as salinity, nitrates, and drought stress (Vidal et al., 2010; Chen et al., 2012; Iglesias et al., 2014) , and also controls auxin sensitivity during normal development (Si-Ammour et al., 2011; Chen et al., 2011; Windels et al., 2014) . Most signaling cascades are modulated by a feedback regulatory mechanism, such as the accumulation of Aux/IAAs during auxin signaling. ATMIR393B expression is also upregulated by auxin treatment and conversely, an miR393-resistant TIR1 leads to strong auxin hypersensitivity, suggesting that the endogenous regulation of TIR1 levels by miR393 maintains the homeostasis of auxin sensitivity during development (Chen et al., 2011) . Furthermore, cleavage of miR393-targeted AFB2 and AFB3 initiates the generation of secondary small RNAs via the canonical tasiRNA pathway and these secondary siRNAs appear to target all four TIR1/AFB members (Si-Ammour et al., 2011) . These findings suggest that auxin perception is regulated by various mechanisms, including miRNA-and siRNA-mediated post-transcriptional regulation and that various environmental cues influence this regulation to finetune the final auxin signaling output.
Post-translational modulation of TIR1/AFB
Changes in ambient temperature induce massive reprogramming of developmental gene expression, which brings about changes in plant morphology (Patel et al., 2009; Wigge, 2013) . Furthermore, auxin-mediated developmental processes, such as hypocotyl elongation and lateral root formation, are markedly affected by subtle changes in temperature (Gray et al., 1998; Patel et al., 2009; Franklin et al., 2011) . Recently, the post-translational control of TIR1 was reported to mediate the connection between auxin signaling and temperature. Even though TIR1 is relatively unstable when bound to the SCF complex , it is stabilized when the temperature increases from 22°C to 29°C. During this process, levels of the temperature-sensing protein HEAT SHOCK PROTEIN 90 (HSP90) increase as the temperature rises, which stabilizes TIR1 protein. Furthermore, HSP90 acts with its co-chaperone SUPPRESSOR OF G2 ALLELE SKP 1 (SGT1), which was previously isolated in a screen for mutants with an enhanced tir1-1 phenotype (Gray et al., 2003) . Together with SGT1, HSP90 directly interacts with TIR1 to increase the stability of TIR1 at high temperatures, ultimately activating auxin-and temperature-regulated developmental processes . Since HSP90 and SGT1 have been implicated in diverse biotic and abiotic stress responses (Xu et al., 2012) , this finding suggests that chaperone proteins incorporate various environmental cues into auxin-mediated developmental processes through the activities of members of the TIR1/AFB family, although the mechanism by which these proteins stabilize TIR1 protein is unknown. However, it is possible that HSP90 and SGT1 function as a protein chaperone complex that maintains the proper folded state of TIR1 and thereby inhibits its degradation. Alternatively, these proteins may mask amino acid residues of TIR1 that are important for its ubiquitination.
S-nitrosylation, which is mediated by nitric oxide (NO), is proposed to modulate the binding affinity of TIR1 for Aux/IAA (Terrile et al., 2012) . NO is an essential small molecule that drives diverse enzymatic reactions, functions as a signaling molecule, and maintains various developmental processes (Neill et al., 2003) . Furthermore, NO has been implicated in many aspects of auxin-regulated root development, such as adventitious root formation, and root hair and lateral root formation, while auxin is known to induce NO accumulation in the root (Pagnussat et al., 2002; Hu et al., 2005; Peto et al., 2011) . S-nitrosylation of TIR1 occurs on two cysteine residues in vitro and mutation of these residues reduces the ability of TIR1 to bind Aux/IAAs in yeast and suppresses the inhibition of primary root elongation and lateral root formation in response to exogenous auxin treatment (Terrile et al., 2012) . This finding suggests that NO might be a critical co-factor in auxin signaling that directly modifies auxin receptors. However, it remains to be determined whether NO functions as an active upstream regulator of auxin signaling or in other auxin-mediated biological processes.
SKP2A, another auxin-binding F-box protein, regulates cell division
In addition to the four TIR1/AFB members described above, S-PHASE KINASE-ASSOCIATED PROTEIN 2A (SKP2A) also participates in auxin signaling. SKP2A stimulates auxin responses in roots and its stability is negatively regulated by auxin (Jurado et al., 2008) . SKP2A is an F-box protein that, like the TIR1/AFB proteins, forms part of the SCF ubiquitin ligase complex and targets the cell-cycle repressors E2FC and DPB, leading to their degradation and activation of cell division (Del Pozo et al., 2006) . Auxin directly binds to SKP2A and causes its ubiquitination and degradation in a TIR1-independent manner (Jurado et al., 2011) . These findings suggest a possible role for SKP2A in controlling auxinregulated cell division. The predicted auxin-binding sites on the leucine-rich repeat domain of SKP2A appear to provide efficient electrostatic potential for interacting with auxin molecules; a neutral potential is situated in close proximity to the non-polar ring of auxin and a positive potential is located close to the auxin carboxylate (Jurado et al., 2011) , which exhibits similar binding features to those of the TIR1-auxin complex (Tan et al., 2007) . Moreover, mutation of predicted Fig. 1 . Various non-canonical signaling inputs affect the auxin receptor and the Aux/IAA repressor. Auxin binds directly to TIR1/AFB and the SKP2A F-box protein, which are both integrated into the SCF ubiquitin ligase complex. Auxin directly binds to SKP2A and promotes its degradation. Auxin binding to SKP2A leads to increased SKP2A binding to DPB/E2PC, which functions as a cell cycle repressor. Therefore, auxin promotes SKP2A-mediated DPB/E2PC degradation and activates cell cycle progression. In the canonical auxin signaling pathway, auxin-bound SCF TIR1/AFB ubiquitin ligase promotes Aux/IAA degradation, leading to the release of ARFs. miRNA393, which is induced by various environmental stresses as well as auxin, targets TIR1/AFB mRNA. Auxin-induced miRNA847 accumulation decreases the abundance of IAA28 transcripts. Aux/IAA transcription is also controlled by abiotic stress-induced DREB/CBF transcription factors and the light-regulated transcription factors PIF4/5 and HY5, which all directly bind to the promoter of Aux/IAAs, attenuating auxin signaling output. Cytokinin signaling transcription factor ARR1 increases the expression of Aux/IAA during root meristem differentiation. At the translational level, nitric oxide (NO) promotes S-nitrosylation of TIR1, which increases its binding affinity to Aux/IAA, leading to elevated auxin sensitivity during root development. TIR1/AFB protein is also stabilized by temperature-induced HSP90 and its co-chaperone, SGT1, increasing the auxin signaling output under high temperatures. Salicylic acid and the pathogenic elicitor protein AvrRpt2 have opposite effects on the Aux/IAA turnover rate and subsequent auxin signaling to alter plant susceptibility to pathogens. TIR1/AFB, TRANSPORT INHIBITOR RESISTANT 1/ AUXIN SIGNALING F-BOX; ASK, ARABIDOPSIS SKP1 HOMOLOG; CUL1, CULLIN 1; RBX1, RING-BOX 1; SKP2A, S-PHASE KINASE-ASSOCIATED PROTEIN 2A; HSP90, HEAT SHOCK PROTEIN 90; SGT1, SUPPRESSOR OF G2 ALLELE SKP1; DREB/CBF, DEHYDRATION-RESPONSIVE ELEMENT BINDING PROTEIN/C-REPEAT BINDING FACTOR; PIF4/5, PHYTOCHROME INTERACTING FACTOR 4/5; HY5, LONG HYPOCOTYL 5; ARR1, ARABIDOPSIS RESPONSE REGULATOR.
auxin-binding sites in SKP2A abolishes binding to its target DPB and activation of the cell cycle (Jurado et al., 2011) . Thus, auxin directly drives cell cycle progression by modulating the binding affinity between components of the cell cycle regulatory machinery and a non-canonical auxin signaling element, SKP2A. However, since the skp2a mutant appears to be normal except for defects in root development, it remains to be determined if SKP2A functions as a general auxin receptor, like the TIR1/AFB proteins in other developmental processes, or if SKP2A plays only a minor role in modulating a specific developmental process.
Diverse signaling pathways converge on auxin repressors
Multiple signaling integrations on Aux/IAA during plant development
Aux/IAA repressor proteins serve as a major switch in the auxin-signaling pathway to control ARF activity. The Aux/ IAA family consists of 29 members with four conserved domains (Guilfoyle, 2015) . Domain I contains the EAR motif, which mediates binding to the TPL co-repressor protein and, in turn, the recruitment of histone deacetylase to induce formation of the tightly packed chromatin structure and the suppression of gene expression. Domain II serves as the degron domain and is required for TIR1/AFB binding. Many Aux/IAA gain-of-function mutants are generated by single amino acid substitutions within the conserved degron motif (GWPPV) in domain II, which stabilize Aux/IAA proteins. Domain III/IV, also called the Phox and Bem 1 (PB1) domains, mediate the interaction with either Aux/IAAs or ARFs, which contain the same conserved PB1 domain in their C-terminal regions (Korasick et al., 2014; Dinesh et al., 2015; Pierre-Jerome et al., 2016) . Diverse integration of environmental and hormonal signaling occurs via transcriptional control of Aux/IAA genes (Wang et al., 2007; Dello Ioio et al., 2008; Sun et al., 2013; Shani et al., 2017) . The cytokinin signaling transcription factors type-B ARR proteins transmit a signal that promotes cell differentiation by inhibiting the auxin response (Dello Ioio et al., 2007) . ARR1 directly activates the transcription of SHY2/IAA3, which suppresses PIN1/3/5 expression, resulting in the redistribution of auxin and a subsequent reduction in root meristem size (Dello Ioio et al., 2008) .
Auxin-regulated developmental processes are also greatly affected by light and light signaling components are linked with auxin signaling pathways via their effect on Aux/IAA gene expression (Cluis et al., 2004 . LONG HYPOCOTYL 5 (HY5) is a basic leucine zipper (bZIP) transcription factor that plays a major role in light-induced photomorphogenesis. The hy5 loss-of-function mutant is not only insensitive to light on hypocotyl elongation, but it also has an altered root morphology resembling that of plants with increased auxin sensitivity. These morphological changes are partially attributed to decreased transcript levels of two Aux/IAAs, IAA7 and IAA14. Indeed, HY5 appears to bind to a G-box motif in the promoters of Aux/IAA genes and to activate their expression, thereby suppressing auxin signaling (Cluis et al., 2004) .
The bHLH transcription factors PHYTOCHROME INTERACTING FACTORs (PIFs) also function in various light-mediated developmental processes (Leivar et al., 2011) . During the blue light (BL)-induced phototropic response, PIF4 and PIF5 function as negative regulators by suppressing auxin signaling in hypocotyl. ARF7 functions as a major transcription factor in the phototropic response downstream of auxin and light signaling, a process mainly suppressed by IAA19 and IAA29 (Tatematsu et al., 2004; Sun et al., 2013) . PIF4 and PIF5 appear to dampen ARF7 activity by directly binding to the G-box motif in the IAA19 and IAA29 promoters and increasing their expression. Since PIF4 and PIF5 expression is also upregulated by BL illumination, it appears that PIF4/5 maintain auxin-signaling homeostasis via controlling IAA19 and IAA29 during the BL-mediated phototropic response .
A recent study revealed that IAA28 mRNA is also targeted for cleavage by miR847 . ATMIR847 expression is readily observed in specific tissues, such as the shoot apex and leaf veins of cotyledons, but the abundance of mature miR847 is maintained at very low levels, suggesting that miRNA processing is tightly controlled during normal development. Intriguingly, exogenous auxin treatment increases the amount of miR847 and subsequently reduces IAA28 mRNA levels. Such miRNA-mediated downregulation of IAA28 leads to increased auxin sensitivity and subsequent enhanced growth in the aerial parts of plants . These findings indicate that auxin not only degrades Aux/IAA repressor protein via TIR1-dependent proteasomes but it also promotes Aux/IAA mRNA cleavage, resulting in enhanced auxin sensitivity. At the post-translational level, conformational exchange of Aux/IAA protein appears to be important for proper auxin responses. It was shown that the conserved GWPPV motif in domain II of Aux/IAA interacts with TIR1 and serves as a degron motif (Tan et al., 2007) . Recently, Rice LRT2/ CYP2(OsLRT2), a peptidyl-prolyl isomerase, was shown to interact with OsIAA proteins and catalyze the cis/trans isomerization of the first proline residue in the GWPPV motif, which facilitates the auxin-dependent interaction of Aux/ IAA with TIR1 (Jing et al., 2015) . Interestingly, auxins do not affect the expression of LRT2 but positively regulate formation of LRT2 and the Aux/IAA-TIR1 complex although underlying mechanisms are not yet clear (Jing et al., 2015) . As expression of OsLRT2, which is conserved in the plant kingdom, is regulated by various stress signals (Ruan et al., 2011) , LRT2 could be a general regulator to integrate multiple environmental cues into auxin signaling via modulation of the interaction between Aux/IAA and TIR1. Moreover, Aux/IAA protein is modified by phytochrome-mediated phosphorylation in vitro (Colón-Carmona et al., 2000) . In this study, Aux/IAAs and PhyA were shown to directly interact with each other and the N-terminal region encompassing domain I and II of Aux/IAA was found to be phosphorylated by phyA in vitro. However, further experiments are required to reveal the biological relevance of this mechanism (Colón-Carmona et al., 2000) . In another study, PhyB was also shown to interact with Aux/IAA (Tian et al., 2003) . Although this study showed that IAA3 binds directly to PhyB, a light stimulus did not affect the various aspects of Aux/IAA, such as the binding affinity for TIR1 and the protein stability of Aux/IAA. Nevertheless, these in vitro observations suggest the presence of a mechanism that links light and auxin signaling via Aux/IAA protein, and they raise the possibility that a light-dependent mechanism that directly modulates Aux/IAA may exist in specific tissues or cell types. To evaluate this possibility, post-translational modifications of Aux/IAA should be assessed in vivo and functional analysis of phosphorylation mutants of Aux/IAA proteins should be performed during light-and auxin-dependent biological processes.
Stress response and plant developmental pathways converge on Aux/IAA
Many abiotic and biotic stresses modulate auxin signaling by targeting Aux/IAA. DREB/CBF transcription factors have been implicated in various abiotic stress responses (Sakuma et al., 2006; Yamaguchi-Shinozaki et al., 2009; Joshi et al., 2016) and were recently shown to suppress auxin signaling by directly binding to the DRE motifs in several Aux/IAA promoters and increasing their expression (Shani et al., 2017) . Drought stress induces the expression of DREB/CBF and Aux/IAA but downregulates the auxin response, suggesting that drought stress signaling is integrated with auxin signaling through the DREB/CBF-Aux/IAA module. Interestingly, although only a few aux/iaa single mutants display developmental phenotypes, presumably due to the functional redundancy in auxin signaling, all three DREB/CBF-regulated IAA5, IAA6, and IAA19 single mutants, iaa5, iaa6, and iaa19, show highly reduced tolerance to desiccation stress and exhibit abnormal, stress-induced developmental phenotypes (Shani et al., 2017) . These findings indicate that IAA5, IAA6, and IAA19 strongly contribute to drought stress tolerance and play prominent roles as a bridge between abiotic stress responses and plant development by reprogramming auxin signaling.
Several reports indicate that the function of Aux/IAA is manipulated by pathogenic proteins during bacterial infection and by stress-responsive elements during defense responses. In addition to TIR1 being targeted and suppressed by flg22-mediated immune machinery, Aux/IAA is regulated by salicylic acid (SA)-mediated immunity (Wang et al., 2007) . SA treatment increases the protein stability of AXR3/IAA17 and subsequently attenuates auxin signaling to increase bacterial resistance. Furthermore, since SA treatment does not affect the level of miR393 or the interaction of AXR3 with TIR1, SA-regulated immune machinery may directly modify Aux/ IAA and thereby resist TIR-mediated degradation (Wang et al., 2007) .
Given that auxin signaling is a critical component in both plant development and immunity, pathogens take advantage of auxin signaling to increase the susceptibility of the plant to attack (Cui et al., 2013) . The Pseudomonas syringae type III effector AvrRpt2 promotes AXR2 and AXR3 turnover in a TIR1-dependent manner and increases auxin sensitivity. AvrRpt2 is a cysteine protease and mutations in the protease catalytic sites of this protein attenuate the AvrRpt2-mediated turnover of AXR2, indicating that cysteine protease activity is necessary for modulating the auxin response. Since TIR1 levels are not affected by AvrRpt2, it has been proposed that AvrRpt2 directly promotes the degradation of Aux/IAA via Aux/IAA protein modification or stabilization of the interaction between Aux/IAA and TIR1 (Cui et al., 2013) . In another strategy involving the control of auxin sensitivity by a plant virus, it appears that the tobacco mosaic virus (TMV) replicase protein binds to IAA26 through its helicase domain and changes the subcellular localization of IAA26 from the nucleus to the cytoplasm (Padmanabhan et al., 2006) . Sequestering Aux/IAA protein in the cytoplasm prevents it from acting upon ARFs known to reside in the nucleus, which ultimately leads to increased auxin sensitivity.
Modulations and modifications of ARFs
Transcriptional and post-transcriptional controls of ARFs
ARFs are the most downstream factors in the auxin-signaling cascade that regulate gene expression. The Arabidopsis genome encodes 23 ARFs and all except four ARFs, ARF3, 13, 17, and 23, contain three functional domains: a DNAbinding domain (DB), a middle region (MR), and an oligomerization domain (domain III and IV; PB1; absent in ARF3, 13, 17, and 23) (Paponov et al., 2009) . ARFs were divided into two groups based on the results of a protoplast auxin-responsive reporter assay and amino acid sequence similarity in the middle region (Fig. 2) : activator-type ARFs, which are enriched in glutamine in the MR, and the remaining ARFs, which function as repressor-type ARFs and contain a proline-or serine-rich MR (Ulmasov et al., 1999; Tiwari et al., 2003) . The MR is thought to determine the transcriptional activity of ARFs and similar to Aux/IAAs, the PB1 domain is critical for homo-and hetero-oligomerization with Aux/IAA and ARFs (Korasick et al., 2014; Nanao et al., 2014; Pierre-Jerome et al., 2016; Parcy et al., 2016) . Recently, the DB domain was also shown to mediate ARF dimerization in vitro; this dimerization is important for ARF-mediated gene regulation (Boer et al., 2014 , Pierre-Jerome et al., 2016 .
Like other auxin signaling components, ARFs are targeted by miRNA and transcriptional regulation. Briefly, miR167 regulates ARF6 and ARF8 and participates in ovule and anther development (Wu et al., 2006) . miR390-dependent tasiRNA appears to target ARF2/3/4 and to release the suppression of lateral root formation by these repressor ARFs (Marin et al., 2010) . Also, miR160 regulates ARF10, 16, and 17, which function in root cap formation (Wang et al., 2005) and various shoot developmental processes (Mallory et al., 2005) . As some of these miRNAs are upregulated by auxin treatment or differentially regulated by their target ARFs in their expression (Yang et al., 2006; Marin et al., 2010) , ARF activity and the homeostasis of auxin sensitivity are tightly controlled by positive-and negative-feedback mechanisms in various developmental contexts.
The transcriptional levels of ARFs are regulated by other plant hormones during various biological processes. Among the ARFs, ARF19 was clearly demonstrated to be controlled at the transcriptional level. The cytokinin signaling transcription factor ARR12 directly binds to the ARF19 promoter and increases its expression level in the root transition zone, which in turn results in the promotion of meristem differentiation and leads to smaller root meristems. During this process, the animal tumor suppressor protein RETINOBLASTOMA (pRB) ortholog RETINOBLASTOMA-RELATED (RBR) is required to activate ARF19 expression, suggesting that ARR12 and RBR interact during root meristem differentiation and that both target ARF19 (Perilli et al., 2013) . Another study showed that transcriptional control of ARF19 is also required for the ethylene response. Specifically, ethylene suppresses primary root growth by activating the transcription of ARF19 via promoting root meristem differentiation (Li et al., 2006) . ARF3 also appears to be transcriptionally controlled by other transcription factors during abaxial-adaxial patterning in leaves. ASYMMETRIC LEAVES 1 (AS1) and AS2 are major transcription factors that maintain the abaxial-adaxial polarity of leaves by binding directly to the ARF3 promoter and subsequently repressing its expression in the adaxial domain of the leaf primordium (Iwasaki et al., 2013) . Interestingly, the AS1-AS2 complex indirectly activates the RDR6-dependent accumulation of miR390 and tasiRNA, which in turn further represses not only ARF3 but also ARF4. Thus, the AS1-AS2 complex tightly regulates ARF3 and ARF4 expression at both the transcriptional and post-transcriptional level (Iwasaki et al., 2013) . Although the transcriptional control of ARF seems to lead to the rapid and direct modulation of the final auxin response, relatively few findings indicate that these changes sensitize or desensitize auxin responses. However, ARF expression patterns are dynamic and differ greatly among ARFs during different developmental stages and in specific cell types (Rademacher et al., 2011) , suggesting that specific auxin responses in various cell types are mediated by a distinct subset of ARF members. Based on these findings, the transcriptional control of ARFs appears to play a role in specifying and maintaining distinct auxin responses in certain tissues or at specific developmental stages, such as during leaf abaxial-adaxial patterning and meristematic region specification. 
Modulation of ARFs by direct protein interactions
Another mode of ARF regulation is achieved by proteinprotein interactions (Fig. 2) . Several studies have shown that ARF promotes the transcription of target genes by forming a complex with other transcription factors. One such transcription factor, MYB77, is an R2R3-type MYB transcription factor that contains two helix-turn-helix structures and is reported to be upregulated under potassium deprivation (Shin et al., 2004) . MYB77 interacts directly with ARF7 and this interaction enhances the ARF7-mediated transcription of auxin-responsive genes, thereby promoting lateral root formation under potassium deficient conditions (Shin et al., 2007) . Since the PB1 domain of ARF7 is necessary for the interaction with MYB77, it would be intriguing to examine whether MYB77 competes with Aux/IAA for binding to the PB1 domain of ARF7. These findings propose that the interaction of ARF with other partners other than Aux/ IAA through the PB1 domain is important for its full activation during certain biological processes. Similarly, the bHLH transcription factor BIGPETALp (BPEp) binds directly to domain III of ARF8 (Varaud et al., 2011) . Intriguingly, the C-terminal region of BPEp contains the GRLSD motif (Gly-Arg-Ser-Leu-Asp) and this motif is highly conserved in domain III of other ARFs and Aux/IAAs. Mutation of the GRSLD motif in BPEp attenuates its binding to ARF8, suggesting that this motif is necessary for the interaction of these proteins. However, since other ARFs that contain the GRSLD motif, including ARF6, which shares the highest level of amino acid sequence similarity with ARF8, do not bind to BPEp, it appears that the GRSLD motif itself is not sufficient for the interaction and that other specific features might be required for BPEp binding. During petal development, ARF8 and BPEp suppress auxin-responsive gene expression and function synergistically as negative regulators of petal cell proliferation and expansion (Varaud et al., 2011) . Although ARF8 is known to function as a transcriptional activator (Ulmasov et al., 1999) , it is possible that ARF activity toggles between transcriptional repression and activation depending on which specific cell type harbors the ARF Zhang et al., 2014) . In this case, the ARF8-BPEp interaction might facilitate its function as a transcriptional repressor complex during petal development. ARF3, a repressor-type ARF, appears to interact with another transcription factor, KANADI 4 (KAN4), to maintain the boundary between integuments during ovule development (Kelley et al., 2012) . Since KANADI is also reported to function as a transcriptional repressor (Wu et al., 2008) , it appears that ARF3-KAN4 acts as an active transcriptional repressor complex to synergistically regulate downstream target genes.
Protein interactions with ARFs sometimes involve a highly complex integration of both hormonal and environmental signaling pathways. Recently, ARF6 was shown to bind directly to BZR1 and PIF4, functioning in brassinosteroid and light signaling respectively, and this tri-complex is thought to interdependently promote hypocotyl elongation (Oh et al., 2014) . Moreover, there is significant overlap among the target genes of BZR1, PIF4, and ARF6, and their binding motifs are closely located on the promoters of these target genes. Thus, this indicates that BZR1, PIF4, and ARF6 coordinately regulate the same large pool of target genes. The MR and PB1 domains of ARF6 bind directly with BZR1 and PIF4 and this tri-complex significantly enhances the binding affinity of ARF6 for its target promoters. In addition, BZR1 and PIF4 interact with ARF8 during hypocotyl elongation but not with ARF7, indicating that ARFs involved in certain biological processes have distinct binding specificities. Furthermore, the bHLH transcription factors BEE2 and HBI1 also interact with ARF6 and modulate its transcriptional activity. Inactivating these bHLH transcription factors by overexpressing their negative regulator PAR1 attenuates auxin-responsive gene expression. This observation indicates that various transcription factors function in auxin signaling by directly modulating ARF transcriptional activity. It is notable that these transcription factors are differentially expressed during developmental stages (Oh et al., 2014) . Thus, it suggests that ARF transcriptional activity is differentially modulated by different interactions with these transcription factors, depending on the developmental stage. Adding to this complex network of interactions, another factor that converges on ARF6 activity is the gibberellin signaling repressor protein RGA. Like BZR1 and PIF4, RGA interacts with the MR of ARF6 and attenuates not only ARF6 binding to BZR1 and PIF4 but also the DNA-binding affinity of ARF6, perhaps by competing with these proteins (Oh et al., 2014) . These elaborate combinatorial protein interactions with ARFs suggest that ARFs serve as the point at which multiple hormonal and environmental inputs converge during auxin-regulated development.
Post-translational modification of ARFs
In addition to being regulated by transcription factors, posttranslational modifications also control the transcriptional activity of ARF proteins. Phosphorylation is one of the modes of post-translational modification that regulates the activity of a protein by altering its binding affinity with other interacting proteins and target promoters or by changing its subcellular localization (Nardozzi et al., 2010; Nishi et al., 2011) . ARF2 is regulated by phosphorylation (Vert et al., 2008) . BIN2, a member of the glycogen synthase kinase-3 (GSK3) family, is a negative regulator of BR signaling; BIN2 phosphorylates BES1 and BZR1 to prohibit its nuclear localization (Ryu et al., 2010) . The C-terminal region of ARF2 containing the PB1 domain appears to be phosphorylated by BIN2 in vitro, which suppresses the repressor activity of ARF2 by inhibiting its DNA-binding affinity in yeast (Vert et al., 2008) . It is currently unclear how such phosphorylation of the PB1 domain could affect its DNA-binding affinity.
Nutrient availability also affects auxin sensitivity by modifying ARF proteins (Zhao et al., 2016) . Potassium (K + ) deficiency significantly suppresses primary root growth and ARF2 was recently found to suppress primary root growth by inhibiting its downstream target gene high affinity K + transporter 5 (HAK5). HAK5 is upregulated by K + deficiency and increases tolerance to K + stress in plants (Shin et al., 2004; Gierth et al., 2005) . Under K + deprivation, ARF2 appears to be phosphorylated on its MR, which substantially represses binding of ARF2 to the HAK5 promoter. Consequently, the released repression of HAK5 facilitates K + transport and increases resistance to K + stress (Zhao et al., 2016) . Although the kinase that phosphorylates ARF2 under K + stress conditions has yet to be identified, the function of phosphorylation on ARF2 is consistent with the observation that BIN2-mediated phosphorylation suppresses the DNA-binding affinity of ARF2 (Vert et al., 2008) . Although the phosphorylation sites induced by BIN2 and K + deficiency are distinct, one being on the PB1 domain and the other on the MR, both appear to affect DNA-binding affinity via an unknown mechanism. Perhaps phosphorylation on the MR or PB1 domain changes the overall structure of ARF and inhibits its ability to bind DNA or recruit other accessory proteins or transcription factors that normally help it bind to its target promoters. Alternatively, phosphorylation of the MR or PB1 domain could attenuate the formation of the ARF-ARF oligomer. It was reported that oligomerization of ARF via its DNA binding or PB1 domain increases DNA binding affinity (Boer et al., 2014; Pierre-Jerome et al., 2016) . Although phosphorylation sites in the PB1 domain have not been identified, phosphorylation may affect electrostatic interactions within the interface between PB1 domains during oligomerization.
However, phosphorylation does not always inhibit the binding of ARF to target promoters. ARF7 and its closest homolog ARF19, which function as transcription activators, tend to bind to DNA when phosphorylated (Cho et al., 2014) . Again, BIN2 mediates phosphorylation of ARF7/19 at its MR and this modification allows ARF7/19 to dissociate from their Aux/IAA repressors and thus activate lateral root formation. The presence of this regulatory module suggests that additional steps exist in the canonical auxin signaling pathway; the dissociation of ARF from Aux/IAA in a TIR-independent manner. Moreover, the phosphorylation of ARF7/19 promotes their binding to the promoters of their target genes LBD16 and 29 in vivo, suggesting that these two activator transcription factors are modulated by phosphorylation in an opposite manner to that of ARF2 (Vert et al., 2008; Zhao et al., 2016) . In addition to being regulated by brassinosteroids, BIN2 is controlled by multiple environmental and hormonal signaling pathways (Youn et al., 2015) . During ARF7/19-mediated lateral root development, BIN2 functions independently of brassinosteroid signaling but is activated by the TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY FACTOR/TDIF RECEPTOR (TDIF/TDR) module, providing a direct link between peptide-mediated plasma membrane signaling and ARF through GSK3. A notable feature of the ARF7-BIN2 module is that modification of the MR affects the interaction with Aux/IAA through the PB1 domain and DNA-binding affinity through the DB domain. How such a post-translational modification on the MR can alter the activities of individual distal domains remains to be determined.
In addition to phosphorylation, ubiquitination occurs not only on Aux/IAAs, but also on ARFs, suggesting that members of the E3 ligase family other than TIR1/AFB might exist to target ARFs (Li et al., 2004; Salmon et al., 2008) . During ethylene-induced apical hook formation in dark-grown seedlings, ARF2 represses the auxin response, which is required for differential growth in the apical region of the hypocotyl. Intriguingly, ethylene treatment decreases the stability of ARF2 in a 26S proteasome-dependent manner. This process is mediated by HOOKLESS 1 (HLS1), which functions as a key downstream factor in ethylene-dependent apical hook formation and whose expression is upregulated by ethylene. In addition, light suppresses ethylene-induced HLS1 upregulation and subsequently stabilizes ARF2 (Li et al., 2004) . Since HLS1 is an N-acetyltransferase, it is highly likely that HLS1 directly acetylates ARF2 and leads to its degradation, although there is no direct evidence for an in vivo interaction between ARF2 and HLS1. ARF1 is also reported to be degraded in vivo (Salmon et al., 2008) . Intriguingly, different combinations of domains in ARF1 have distinct effects on protein stability and the DB and MR of ARF1 mediate its degradation. Moreover, the addition of a tagged nuclear localization signal (NLS) to ARF strongly increases its rate of degradation, suggesting that the subcellular localization of ARF affects its degradation (Salmon et al., 2008) . Perhaps the machinery that mediates the degradation of ARF is more active in the nucleus than in the cytoplasm. Auxin treatment does not affect the degradation rate of ARF1 or ARF2 (Li et al., 2004; Salmon et al., 2008) , suggesting that the stability of ARF proteins is modulated by other signaling components but not by auxin, which rapidly degrades Aux/IAA. Not much is known about the stability of ARF proteins themselves, except for repressor ARFs ARF1 and ARF2. The degradation of repressor ARFs might provide a mechanism for the rapid de-repression of auxin-responsive target genes, which are normally occupied by repressor ARFs. This may be followed by the recruitment of transcription activation machinery, including activator-type ARFs. It is possible that a similar module controls protein stability in the activatortype ARFs. Presumably, this module balances the cellular pool of these activator ARFs and thereby contributes to the fine-tuning of the sensitivity of auxin signaling.
As suggested by studies showing that different subcellular localizations of ARF proteins have different effects on their stability, the subcellular localization of ARF is regulated to alter its accessibility to its target promoters (Ge et al., 2016) . TRANSPARENT TESTA GLABRA 2 (TTG2) was recently shown to facilitate the nuclear localization of tobacco NtARF8, a homolog of AtARF8, thereby increasing accessibility to its target promoter and leading to enhanced vegetative growth. TTG protein contains the WD40 domain, which mediates its interaction with other proteins (Pang et al., 2009; Cheng et al., 2014) . NtTTG2 also sequesters the SA signaling component NtNPR1 in the cytoplasm . These observations suggest that TTG mainly functions via interacting proteins, which could act as transcription factors or signaling molecules. NtTTG2 directs its targets, NtNPR1 and NtARF8, to different compartments Ge et al., 2016) , indicating that NtTTG2-mediated translocation does not occur unidirectionally but varies depending on the target.
A recent report describes an interesting mode of noncanonical auxin signaling through ARF3/ETT. The INDEHISCENT (IND) bHLH transcription factor appears to bind directly to the C-terminal ETTIN SPECIFIC (ES) domain of ARF3 and to function synergistically to repress the expression of the downstream target PINOID (PID) during gynoecium development (Simonini et al., 2016 . Interestingly, exogenous auxin treatment, especially with the natural auxin IAA, suppresses the interaction between ARF3 and IND in vivo and in vitro, suggesting that auxin directly controls the functionality of the ARF3-IND transcriptional complex. Moreover, the following observations suggest that the activity of the ARF3-IND complex requires the presence of auxin as well, while regulating distinct downstream signaling components. First, IAAmediated inhibition of the ARF3-IND interaction affects the DNA-binding feature of ARF3. Specifically, the preferential ARF3-binding site on the PID promoter is altered in the presence of exogenous IAA, which in turn activates PID expression. Second, a significant proportion of the downstream target genes of IND appear to be controlled only in the presence of IAA, suggesting that auxin is required for IND-mediated regulation of discrete downstream target genes (Simonini et al., 2016) . During this process, it is hypothesized that IAA-mediated inhibition of the ARF3-IND interaction causes this complex to break apart and recruit other interacting partners that bind with ARF3 and IND. These different combinations of interacting partners would trigger distinct changes in downstream gene expression. Besides its function in gynoecium development, the IAA-sensitive ARF3 transcription factor module is thought to act in other tissues in which various transcription factors are differentially expressed and interact with ARF3. Thus, a non-canonical auxin perception mechanism might exist in which the auxin molecule directly modulates the functionality of an ARF by controlling its interactions with different proteins. This non-canonical mechanism could contribute to a variety of signaling modules in a vast range of auxinregulated processes.
Conclusion and remaining questions
Increasing evidence suggests that components of the auxin signaling pathway are controlled and modified in various ways not only by auxin itself but also by other hormonal and environmental signals and that these regulatory pathways convert the relatively short and simple auxin-signaling cascade into a sophisticated mechanism that broadens the range of auxin sensitivity. Moreover, these regulatory modules function at all steps of auxin signaling and at various levels, from regulating the expression of individual members of the auxin-signaling cascade to a novel regulatory mechanism involving the auxin-mediated modulation on ARF binding to other transcription factors. In addition, each domain of the ARF protein has the potential to mediate such a diverse regulatory mechanism beyond the previously characterized function of each domain. For example, the DNA-binding activity of ARF can be altered by post-translational modification at its MR or by its interaction with partners via its PB1 domain. Information about the structural configuration of the entire ARF protein would greatly improve our understanding of this domain-mediated regulatory diversity. Currently, only a partial crystal structure of ARF is available. Although this partial crystal structure has provided clues as to the various regulatory mechanisms underlying ARF activity, our ability to elucidate the combined effects of ARF domains is as yet still limited (Boer et al., 2014; Korasick et al., 2014) . Furthermore, it is unclear how the stability and localization of repressor ARFs are controlled and whether these regulatory modules are conserved in other ARF proteins. If these modules are indeed conserved, it remains to be determined which regulatory factors are involved in this modulation and in which developmental contexts this type of regulation occurs. It has been a primary goal in the field to understand how oligomeric structures of ARF can be translated into DNA-binding features (Boer et al., 2014; O'Malley et al., 2016; Pierre-Jerome et al., 2016) . In addition, TIR1 protein also forms homo-oligomers, which increases its binding affinity to Aux/IAA and subsequently promotes Aux/IAA degradation (Dezfulian et al., 2016) , and homo-oligomerization of Aux/IAA strengthens its negative effect on ARF function (Pierre-Jerome et al., 2016) , indicating that different combinations of all canonical signaling components would be an asset to facilitate the wide range in sensitivity in auxin signaling. This in turn could be a foundation for transient, prompt, and delicate auxin responses upon diverse environmental changes. Thus, it would be intriguing to examine how homo-or hetero-multimerization events for every auxin signaling component are linked with the diverse regulatory modes described above. Not only auxin signaling itself but auxin biosynthesis and transport are also subjected to multiple layers of regulation by environmental, developmental, and hormonal factors, which directly control local concentrations of auxin in specific tissues (Zhao, 2010; Rosquete et al., 2012; Habets and Offringa, 2014; Armengot et al., 2016) and would lead to more effective and robust auxin responses than direct regulation of auxin signaling factors. Finally, future studies will elucidate how the non-canonical integration of multiple factors merges with the canonical auxin-signaling pathway and shapes final auxin responses during various developmental processes in plants.
